Captive breeding (n = 25 pairs) and nonbreeding (n = 25) American kestrels were exposed to a mixture of polychlorinated biphenyls (PCBs) (Aroclor 1248(Aroclor :1254(Aroclor :1260 The function of incubation behavior in birds is to keep the eggs near the optimal temperature for embryonic development. However, parental attendance is not the only factor influencing the warming of the eggs. Since feathers are a poor conductor of heat, the development of bare areas of skin, known as brood patches, aids in transferring the body heat of the incubating parent to the
eggs (Bailey, 1952) . Most bird species develop brood patches during the breeding season on the ventral thoracic and/or the abdominal region of the body (Jones, 1971) . The skin of these regions undergoes feather loss and there is increased vascularization, edema, and hyperplasia of the brood patch area (Bailey, 1952; Jones, 1971 ). In biparental incubators, both males and females usually develop brood patches, and the number, placement and development time of the brood patches vary widely across avian taxa (Bailey, 1952; Jones, 1971) .
Brood patch development and incubation behavior are under endocrine control. In birds that develop brood patches by means of a naturally occurring molt, patch formation is believed to be dependent on changing hormone levels, which in turn are influenced by incubation behavior (Jones, 1971; Goldsmith, 1983) . Prolactin is the hormone that is most often identified as being involved in the onset and maintenance of avian incubation (Rosenblatt, 1984; Silver & Ball, 1989; Maney et al., 1999; Sockman et al., 2000) and brood patch development in a variety of avian orders (Buntin, 1996) . A correlation was found between brood patch size and prolactin levels in female Harris' hawks (Parabuteo unicinctus) (Vleck et al., 1991) ; however, prolactin alone may not suffice. Japanese quail (Coturnix coturnix japonica) injected with prolactin and estradiol simultaneously showed feather loss and hyperplasia, whereas estradiol or prolactin injected alone resulted in moderate and significant feather loss, respectively (Höhn, 1981) . Generally in females, estrogen enhances prolactin secretion, and estrogen and prolactin act synergistically to develop the brood patch (Dawson, 1998) , whereas in males, testosterone and prolactin are responsible (Jones, 1971; Goldsmith, 1983) . Feedback from contact with eggs is often believed to be important to patch development (Buntin, 1996; Dawson, 1998) .
Polychlorinated biphenyls (PCBs) are known to disrupt the functions of the endocrine system (Koval et al., 1987) . Although exposure to PCBs is known to alter plasma estradiol and testosterone levels (McKinney & Waller, 1994 , 1998 , little information exists regarding PCB effects on prolactin. Prolactin levels in Sprague-Dawley male rats were not altered when the animals were exposed to PCB 126 (Desaulniers et al., 1999) , but serum prolactin levels were lower in Wistar rats exposed to the herbicide atrazine (Stoker et al., 1999) . The influence of xenobiotics on brood patch development has yet to be explored. Here studies examined brood patch size in breeding and nonbreeding American kestrels (Falco sparverius) and compared patch size between PCB-exposed and control birds. The potential effects of PCBs may be either direct, that is, on the physiology of patch formation, or indirect by altering incubation behavior, which in turn could affect patch size. Therefore, incubation behavior was included in our analyses to account for variation in patch size.
As hatching success depends on the thermal environment for the eggs, it may also be influenced by appropriate brood patch development and function. In previous studies, hatching success of American kestrels was reduced after exposure to PCBs in the diet and in ovo (Fernie et al., 2001a (Fernie et al., , 2001b ).
Here, the potential consequence of variation in the size of brood patches on hatching success was examined.
MATERIAL AND METHODS

Study Species and Experimental Design
This study was conducted at the Avian Science and Conservation Centre of McGill University (Quebec, Canada), using American kestrels of known age (1 to 11 yr) and pedigree. On 17 March 1998, 76 male and 74 female kestrels were randomly assigned to either control or PCB-exposed groups and placed into communal flight pens (6 × 6 × 2.5 m), segregated by gender and treatment. The kestrels were fed ad libitum on their typical diet of day-old cockerels. The care and treatment of the kestrels followed the regulations set forth by the Canadian Council on Animal Care (Olfert et al., 1993) .
By using PCB residue levels found in wild prey species of kestrels (Environment Canada, unpubl. data), and PCB congeners found in tissues and eggs of wild birds from the Great Lakes region ( Kestrels that were genetically unrelated within the past 7 generations were paired on 21 April 1998 (control n = 25 pairs; PCB n = 25 pairs). Each of the pairs was placed into an outdoor breeding pen (2.3 × 0.9 × 3.6 m), which contained wooden and rope perches, a one-way glass window for observation, and a nesting box (0.3 × 0.3 × 0.4 m). The 24 females and 26 males that remained unpaired, hereafter "nonbreeders," remained in the communal flight pens. The nonbreeder pens were located in a building 25-50 m from the breeding pens, and had large screened windows to allow for natural photoperiod. Wing chord measurements for both breeders and nonbreeders were taken on 20 April to determine the size of each bird . The nonbreeding kestrels were captured on 17 June for measurement of brood patches. Twenty-four PCB-exposed and 25 control breeding pairs were captured, weighed, and measured during the incubation period 15 d after clutch completion. The brood patches of the PCB-exposed breeders were measured between 22 May and 22 June, with a median date of 9 June. Control breeders were measured between 21 May and 17 June, with a median date of 1 June. Brood patches were found by having one person hold the kestrel and gently blow on the ventral surface to reveal the lack of feathers and edematous skin. A water-wetted cotton ball was used to brush feathers aside so that a second person could measure the length and width of the patch to the nearest millimeter with a ruler. As the shape of a brood patch was oval, the two measurements were transformed into an area using the equation for the area of an ellipse. Despite variation in the literature over whether kestrels develop only a central brood patch, or two patches on the breast ( 
Data Analysis
The potential effect of PCB exposure was investigated for right and left patches combined (R + LBP) and CBP. The abdominal and breast patches were investigated separately because they may show different patterns of variation, as not all wild male kestrels developed CBPs . The total brood patch area (TBP) was calculated by summing the three patch areas. The TBP variable was deemed important in trying to relate brood patches to hatching success.
A three-way analysis of variance (ANOVA) was initially conducted for each brood patch variable with treatment, gender, and breeding status (breeder or nonbreeder) as factors. As breeding status and gender were found to have significant interactions (Table 1) , separate one-way ANOVAs were performed on both breeding and nonbreeding males and females. For nonbreeders, an analysis of covariance (ANCOVA) was conducted for each gender, with treatment as a factor and wing chord length, age, and mass as potential covariates. When a covariate was found to be nonsignificant, it was removed and the ANCOVA was run again, always keeping treatment in the model. For breeding birds, similar ANCOVAs were performed, but including clutch completion date as another potential covariate. Clutch completion date was previously shown to be affected by PCB exposure in this study (Fernie et al., 2001a) and has an important influence on incubation behavior (Fisher et al., 2006) .
Each patch variable was examined in relation to the following incubation behaviors: the percent of day each gender spent in the nest, average recess length, number of recesses, number of nest switches, the average length of an incubation bout, and the number of incubation bouts each gender performed (PCB = 23 nests, control = 23 nests). These variables were chosen because they (1) relate to the time eggs were covered by an incubating adult, (2) were found to affect hatching success (Fisher et al., 2006) , and (3) are likely correlated with levels of prolactin (Schoech et al., 1996) . Behavioral variables were transformed when they did not meet the assumptions for analysis of variance. Since PCB-exposed kestrels were more likely to have their complete clutch fail To determine whether brood patch size was related to the degree of PCB contamination, total PCB residues in eggs were compared to brood patches with Pearson's product moment correlations. For details regarding egg collection and PCB residue analyses, see Fernie et al. (2000) .
Kestrels that have larger brood patches should be able to cover more of the clutch, thereby making incubation more efficient and potentially increasing hatching success. Because hatching success should be related to egg contact with all brood patches, only TBP was analyzed. To determine if brood patch size influenced hatching success, an ANOVA was performed for both males and females with hatching success as a category: no (0%), moderate (1-74%), and high (75-100%) hatching success. The criterion for significance was set at p < .05.
RESULTS
Nonbreeding Kestrels
Females had larger brood patches than males (Tables 1 and 2 ). Nonbreeding male kestrels exposed to PCBs had a significantly larger R + LBP (F 1,24 = 4.76) and TBP (F 1,24 = 5.1) compared to control males (Table 2) . It was not possible to detect a treatment effect for the CBP of males. A similar trend was found in nonbreeding females, where PCB-exposed birds had significantly larger patches than controls for CBP (F 1,21 = 5.44) and TBP (F 1,22 = 4.94), but not for R + LBP ( Table 2) .
The size of the brood patch was not related to mass, age, or length of the wing chord in nonbreeding male kestrels. A significant relationship was found between wing chord and the CBP for females (F 1,21 = 8.74), where larger birds had a greater CBP area, but not for the R + LBP and TBP. A significant association was found between age and the R + LBP (F 1,22 = 5.08) and the TBP (F 1,22 = 3.83), where older birds had larger patches. An association between age and the size of the CBP was not detected. No relationship existed between brood patch sizes and mass in females.
Breeding Kestrels
Female kestrels had larger brood patches than males (Tables 1 and 2 No association was found between total PCB residue levels in eggs and the size of the CBP, R + LBP, or TBP for either males (n = 19) or females (n = 19).
When examining incubation behavior in relation to brood patch size, covariates previously found to affect patch size were included in the analysis. No effect of incubation behavior was found on the size of any brood patch for either males or females from PCB-exposed or control groups.
Total brood patch size was not related to hatching success in PCB-exposed males and females, or in control males and females.
DISCUSSION
Hatching Success
Kestrels are small-bodied birds with relatively large eggs and a large clutch size for a raptor, and they appear to have difficulty in covering their entire clutch . Eggs are often partially or totally exposed even when the parent is in a tight incubating position . Since females are unable to warm all the eggs at once, certain eggs may not get enough heat to survive. Although larger brood patches should be more effective in providing heat necessary for embryonic development, thereby influencing egg viability, hatching success was not related to brood patch size in either PCB-exposed or control birds. Similarly, Wiebe and Bortolotti (1993) found that hatching success was independent of brood patch size in wild kestrels. The reduced hatching success of PCB-exposed kestrels (Fernie et al., 2001a) was partly related to inefficient incubation behavior (Fisher et al., 2006) , but from this study there seems to be no confounding influence of brood patch size. Studies of wild birds are needed before one might conclude that the response to PCBs, as shown here, is unimportant to hatching success. Future research should also consider the possibility that incubation behavior may compensate for poor patch development, and thus limit the impact on eggs.
What Determines Patch Size?
Little is known of the physiology of brood patches, or how xenobiotics may impact their development. Complete brood patch development occurred in an immature nonbreeding common black-headed gull (Larus ridibundus), indicating that patch formation did not result from contact with eggs (Jones, 1971 ). Similarly, tactile stimulation is not needed for patch development as observed in breeding male flycatchers (Empidonax spp.) and black-headed grosbeaks (Pheucticus melanocephalus) as they do not incubate (Bailey, 1952; Skutch, 1957) . On the other hand, no patch development occurred in breeding male or nonbreeding female Harris' hawks even though they contributed to incubation and had elevated prolactin levels (Vleck et al., 1991), and prolactin normally plays an important role in brood patch development (Jones, 1971; Buntin, 1996) . All of our nonbreeding kestrels developed all three brood patches. At least one nonbreeding female from each of the control and PCB-exposed groups laid eggs on the floor of the communal flight pen that were often warm to the touch. The development of brood patches in those few laying females may not be surprising. However, brood patches of the remaining females and the nonbreeding males indicate that patch formation is at least independent of incubation behavior. Given that 20% of male kestrels breeding in the wild do not develop a CBP , the formation of all three patches in the nonbreeders in captivity was surprising. Although incubation behavior did not influence whether patches would develop, breeding status was an important factor. Breeding females had significantly larger brood patches than nonbreeding females, and breeding control males had bigger patches compared to nonbreeding controls. However, non-breeding PCB-exposed males had CBPs of similar size and R + LBPs that were larger than those of the breeders.
Despite the lack of association between brood patch size and total PCB residues in the eggs, PCB-exposure consistently accounted for variation in patch size in both male and female kestrels. Nonbreeding kestrels of both genders exposed to PCBs had larger brood patches than respective controls. An opposite trend was found in PCB-exposed male breeders, which had smaller brood patches than controls. In the PCB-exposed breeding females, the size of certain patches were also modified in an inconsistent manner, with one larger patch and one smaller patch compared to controls. Given what is known about the role of hormones in the development of brood patches, our results provide further evidence suggesting that PCBs are endocrine-modulating substances. The facts that effects were found in nonbreeders and that patch sizes were unrelated to specific behaviors in the breeders suggest a direct mode of action of PCBs on patch physiology, rather than patch size being an indirect consequence of incubation behavior. That brood patches of males and females had very different responses to PCBs is consistent with the gender-specific effects of PCBs previously found on behavior (Fisher et We recommend that ecotoxicologists consider the phenomenon of patch development, as it has now been shown that brood patches clearly respond to PCB exposure. In addition to understanding potential negative impacts of contamination on physiology and reproduction, there are useful applications. Brood patches may be used as bioindicators of endocrine modulation in toxicology, just as patch development has been used as an indicator of circulating estrogen levels in physiology (Macdougall-Shackleton et al., 2001). Given their ease of measure in the laboratory and field, the use of brood patches is particularly advantageous for the study of prolactin modulation, as the alternatives (i.e., incubation behaviors) are time-consuming, costly, and logistically difficult.
